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1.  INTRODUCTION 


Constitutive  models  for  deformable  media  are  developed  by  performing  material  tests,  prefera¬ 
bly  under  environmental  conditions  which  are  identical  m  those  in  the  service  environment  The 
environmental  conditions  ate  implicitly  assumed  to  be  measurable  and  controllable  independent 
variables  such  as  temperature,  pressure,  and  relative  humidity.  Complications  arise  in  the  development 
of  constimtive  models  if  the  service  environment  conditions  are  harsh,  unknown  or  impossi  ble  to  exactly 
reproduce  in  laboratory  testing. 

The  “classical”  one-factor-at-a-dme’  material  test  program  proceeds  by  testing  ±e  material  over 
the  operating  range  of  a  particular  variable,  while  the  other  variables  are  held  constant  at  a  value  within 
their  respective  ranges.  The  test  program  can  become  time  consuming  and  costly  if  the  effects  of  a 
number  of  variables  are  to  be  investigated.  Furthermore,  if  nonlinear  effects  (interaction,  curvature)  arc 
present  among  the  variables,  one-factor-at-a-time  experimentation  will  not  detect  them.  As  an  altema- . 
dve,  a  statistically  valid  experimental  design  strategy  can  be  used  to  minimize  the  total  number  of  tests 
performed  and  to  maximize  the  amount  and  quality  of  information  that  is  obtained. 

This  report  describes  the  implementation  of  a  statistically  based  experimental  design  strategy  for 
evaluating  the  relative  importance  of  three  independent  continuous  variables,  i.e.,  temperature,  strain 
rate,  and  specimen  aspect  ratio  (L/D),  and  one  independent  discrete  variable,  specimen  end  lubrication, 
in  predicting  the  uniaxial  compressive  mechanical  response  of  JA2  gun  propeUant  The  design  strategy 
lends  itself  to  the  development  of  a  mechanical  response  model  whose  prediction  error  is  comparable  to 
the  standard  deviation  obtained  in  replicate  testing.  Since  a  hierarchy  of  importance  in  the  independent 
variables  will  be  established,  the  experiments  will  essentially  form  a  screening  design.  JA2  gun  propel¬ 
lant  has  been  shown  to  be  a  rate-sensitive  and  temperature-sensitive  material”,  and  in  a  variety  of 
materials,  the  specimen  aspect  ratio  and  degree  of  end  lubrication  affects  the  mechanical  response  by  per¬ 
turbing  the  homogeneous  stress  state  in  the  specimen  during  uniaxial  compression^.  Although  other  vari¬ 
ables,  such  as  relative  humidity  and  hydrostatic  pressure,  may  affect  the  mechanical  response  of  the  pro- 
pellant,  these  variables  are  not  investigated  since  they  are  not  directly  controllable  with  the  experimen¬ 
tal  apparatus. 
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2.  EXPERIMENTAL  NETHOD 


2.1  Apparatus.  Data  Acquisition  and  Data  Reduction.  The  High  Rate  810  MTS  Material  Test 
System  (Figure  1)  consists  of  a  conventional  two-pole  press  with  a  servohydraulically  actuated  ram  that 
operates  from  quasistatic  velocides  to  a  maximum  velocity  of  about  12  m/scc;  the  maximum  velocity 
imparts  a  maximum  strain  rate  of  1200  sec‘‘  on  a  10  mm  long  specimen.  A  ThennotnHi  ovenfrefrigerator 


Actuator 
Impact  Bell 
Specimen 
Stage 

Impact  Cone 

Shock  Absorbing 
Piston  &  Cylinder 

Base 


Figure  1.  Servohvdraulic  Test  Apparatus  with  Upper  Bell  and  Impact  Cone  Piston  Assembly, 


environmental  chamber  surrounds  the  upper  and  lower  piston  which  helps  to  maintain  a  constant  test 
temperature.  Gun  propellant  specimens  are  thermally  conditioned  within  the  chamber  for  at  least  one 
hour  prior  to  testing  at  a  given  temperature.  A  more  complete  description  of  the  scrvohydraulic  test  ap¬ 
paratus  can  be  found  in  the  initial  report  by  Gazonas^  Uniaxial  compression  tests  are  performed  at  con¬ 
stant  strain  rate  by  computer  control  of  the  piston  velocity  via  feedback  from  an  externally-mounted  dis¬ 
placement  transducer  (LVDT).  Force  measurements  are  made  with  a  60  kN  quartz  force  gage  that  is 
mounted  on  the  upper  moving  piston.  The  raw  force  and  displacement  data  are  acquired,  stored,  and  then 
analyzed  with  a  Norland  300 1  data  acquisition  system.  The  raw  force  and  displacement  data  arc  reduced 
to  engineering  stress  versus  strain  plots  by  normalizing  to  initial  specimen  area  and  length  respectively, 
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and  collecting  for  apparatus  distortion  as  previously  reported^.  The  uniaxial  compression  test  results  for 
this  materia]  are  highly  reproducible  and  are  illustrated  by  plotting  the  results  for  five  replicate  tests  at 
strain  rates  of  10^*  and  200  sec  ‘  (Figure  2). 


Figure  2.  Experimental  Reproducibility  of  the  Mechanical  Response  of  JA2 
in  Uniaxial  Compression  at  Strain  Rates  of  la^  and  200  sec  *. 

2.2  Specimen  Preparation.  Right  circular  cylinders  of  JA2  (lot#  8  lEOOl  SI  10)  propellant  are 
cut  from  seven-perforation  granular  stock  using  an  isomet  doublc-bladed  diamond  saw.  A  doublc- 
bladed  saw  is  used  to  cut  specimen  ends  parallel  to  each  other  and  to  help  maintain  coaxial  deformation 
with  the  cylinder  axis.  Specimens  with  aspect  ratios,  lcngth-to-diametcr(L/D),  ofO.Sand  1.3  are  tested, 
with  a  limit  on  the  upper  L/D  set  by  the  initial  length  of  the  granular  stock.  The  specimen  diameters 
averaged  8.72  mm  and  the  perforation  diameters  averaged  0.483  mm.  Molybdenum  disulfide  ,  MoS^, 
is  applied  sparingly  to  the  specimen  ends  in  those  tests  that  require  end  lubrication. 


2.3  Experimental  Design.  A  2*  (factorial)  experimental  design  is  utilized';  the  name  of  the  design 
arises  from  having  four  independent,  controllable,  variables.  We  test  these  variables  at  two  levels  (low 
and  high).  The  total  possible  number  of  low/high  combinations  is  thus  2* ,  yielding  sixteen  experiments. 
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Recall  that  three  of  our  independent  variables  (strain  rate,  aspect  ratio,  and  temperatur:)  ara :  ■■  nrinuous 
throughout  their  respective  ranges.  The  fourth  variable  is  discrete,  "yes’*  or  "no",  conw.;;';-iing  to 
whether  lubrication  is  present  or  not  present.  A  desirable  feature  of  the  family  of  factcri'J  de/j  vi'S  :s  the 
ability  to  accommodate  both  continuous  and  discrete  variables. 

The  present  design  is  orthogonal  since  there  is  no  correlation  Ginear  ussc.'iation)  bervr  in  the  in¬ 
dependent  variables.  The  orthogonal  design  assumes  that  any  estimate  of  a  facter  rffet specimen 
aspect  ratio)  is  independent  of  the  effects  of  all  othen,  whether  they  are  linear  or  nonlinear .  L'  ;,ome  cases, 
variables  which  were  initially  assumed  to  be  independent,  may  in  fact  be  dependent  rp -.'.I  one  another. 
For  example,  the  coupling  of  thermodynamic  and  mechanical  fields  becomes  important  in  media 
subjected  to  inertial  loading^.  Thermomechanical  coupling  is  assumed  to  be  negligible  in  our  tests. 

An  experimenter  often  encounters  a  situation  where  one  or  more  environmental  factors  are 
present  which  cannot  be  directly  controlled  in  the  experiment  An  example  might  be  a  drifting  ambient 
relative  humidity  in  the  laboratory.  The  tests  are  conducted  in  random  order  to  minimize  the  confounding 
effects  of  environmental  variables.  In  our  case  the  sixteen  experiments  are  performed  in  a  statistically 
random  order.  Table  1.  shows  the  experimental  conditions  (A=sstrain  rate,  B=tempcrature,  C=aspect 
ratio,  D*lubricadon),  the  experimental  responses  (Rl=yield  stress,  R2=yield  strain,  R3*absorbed 
energy,  R4=compressive  modulus),  and  the  random  order  in  which  our  sixteen  experiments  are 
executed.  The  standard  order  represents  how  the  variables  are  permuted  begirming  at  settings 
(low  Jow.low  Jow)  and  ending  at  settings  (high.high.highdiigh).  One  can  visualize  the  design  endpoints 
in  our  2*  experimental  design  using  a  cube  plot.  E<tch  vertex  in  the  cube  represents  a  "low"  or  "high"  test 
condition  for  a  particular  experiment  (Figure  3).  Two  cubes  aie  needed  to  represent  the  sixteen  experi¬ 
ments  in  our  2*  design;  one  cube  represents  all  lubricated  experiments,  and  the  second  cube  represents 
all  unlubricated  experiments. 

In  contrast,  the  experimenter  would  prerform  80  tests  using  a  "classical"  test  approach  (Figure 
4)  to  obtain  mechanical  responses  at  all  sixteen  experimental  conditions  addressed  in  this  research;  in 
this  calculation,  it  is  assumed  that  five  tests  arc  sufficient  to  ensure  reproducibility  at  each  experimental 
condition.  However,  this  example  (Figure  4)  respresents  a  five-fold  replication  of  the  factorial  design 
(Figure  3).  The  hidden  replication  present  in  factorial  designs  removes  the  necessity  of  performing 
multiple  tests  at  each  test  condition.  The  actual  number  of  tests  required  at  each  experimental  condition. 
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Table  1.  £;q)eiunental  Ptotocol  widi  Random  Run  Namber  and  £;q»ninental  Respomes. 
(PESIGN  -  EASE  is  a  Tiademark  Name  of  a  Product  of  STAT  -  EASE,  Inc.) 
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B  a  Temper  i’*ie 


A  s  Strain  Rate 


Figure  3.  Cube  Plot  with  2^  Design  Points. 
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using  the  "classical"  test  approach,  is  directly  proportional  to  the  variance  of  the  measured  quantity  and 
inversely  proportional  to  the  required  tolerance*. 

The  sixteen  experiments  in  this  phase  of  investigation  serve  as  a  screening  function,  rather  than 
a  basis  for  a  predictive  mathematical  model.  SpecificaUy,  we  seek  to  determine  which  of  the  four 
independent,  controllable  variables  have  significant  ejects  on  the  measured  mechanical  responses.  In 
addition,  we  wish  to  determine  the  effect  of  the  discrete  variable,  lubrication,  on  the  mechanical  response 
of  the  JA2  gun  propellant. 

3.  EXPERIMENTAL  RESULTS 

The  mechanical  response  of  the  JA2  propellant  is  characterized  by  the  compressive  modulus, 
stress  and  strain  at  yield,  and  absorbed  strain  energy  density  at  yield  (Figure  5).  These  particular 
measures  of  the  mechanical  response  are  chosen  so  that  a  comparison  can  be  made  with  previous  one- 
factor-at-a-time  experiments^. 


Figures.  Measured  Mechanical  Responses. 
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The  yield  stress  is  defined  as  the  stress  level  where  the  material  most  rapidly  loses  its  ability  to 
sustain  load.  The  stress  level  is  determined  by  finding  the  minimum  in  the  second  derivative  of  stress 
with  respect  to  time*.  The  mechanical  response  is  measured  at  the  following  independent  variable 
endpoints:  strain  rate  (10^  and  500  sec'.),  temperature  (0  and  60  degrees  Celsius),  aspect  ratio  (0.8  and 
1.3),  and  end  lubrication  (yes  and  no)  (see  Table  1).  Cube  plots  which  illustrate  the  stress  at  yield  response 
of  the  JA2  propellant  appear  in  Figure  6.  The  encircled  numbers  at  the  cube  vertices  include  the  yield 
stresses  (in  MPa)  determined  at  the  various  experimental  conditions  (Table  1),  and  the  random  run 
numbers.  The  plots  indicate  that  the  yield  stress  increases  as  the  strain  rate  increases,  and  decreases  as 
the  temperattire  is  increased  in  both  lubricated  and  unlubricated  tests.  In  addidtm,  there  does  not  appear 
to  be,  by  mere  visual  inspection  of  the  plots,  a  yield  stress  dependence  on  specimen  aspect  ratio. 
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Figure  6.  Cube  Plots  of  Stress  at  Yield  Response  With  and  Without  Specimen  End  Lubrication. 


An  inspection  of  the  remaining  cube  plots  (Appendix  A,  Figures  A4,  A7,  and  A 10),  indicates 
that  in  addition  to  the  yield  stress,  the  absorbed  strain  energy  at  the  yield  stress  and  the  compressive 
modulus  increase  with  an  increase  in  strain  rate,  yet  decrease  with  an  increase  in  temperature.  The  strain 
at  yield  is  independent  of  strain  rate,  temperature,  and  aspect  ratio,  yet  increases  if  the  specimen  ends 
are  lubricated. 
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4.  DISCUSSION  OF  RESULTS 


A  mechanical  response  surface  is  generated  to  determine  the  relative  linear  and  nonlinear 
contributions  of  the  independent  variables.  In  this  research,  the  empirical  response  surface,  Y,  is  writ¬ 
ten  as  a  second  degree  polynomial  expansion  of  the  four  independent  variables,  (Xj,  Xj,  X3,  andX^) 
as: 


Y  -  b„+  b.X,  +  b^+  b3X3+  b;c,+  b.pc3X3+  b,3X.X,+  b.pC3X, 


OT,  more  generally  as: 


q  q 


Y-b.  +  XkA  + 

»-»  j>l 


•  -I 


where,  b. 


r» 


Z  V" 

i  •  I 


and  q  =  the  number  of  factors,  n  =  total  no.  of  experiments. 


The  bj  terms  quantify  the  main  effects  of  the  independent,  controllable  variables.  The  by 
tenns  describe  the  pairwise  interaction  effects  of  the  independent  variables.  The  intercept  term,  b^,  is 
simply  the  arithmetic  mean  of  all  the  recorded  responses.  The  second  degree  polynomial  model  is  the 
fit  to  the  data  using  standard  least  squares  regression  techniques.  First,  however,  the  actual  numerical 
values  of  the  independent  variables,  Xj,  are  standardized  (nondimensionalized)  to  range  fiom  +1  for 
"high"  experimental  conditions,  and  - 1  for  "low"  experimental  conditions.  By  nondimensionalizing  the 
variables,  and  ranking  the  magnitudes  of  the  coefficients  determined  by  regression  analysis,  one  can 
determine  the  relative  contribution  of  each  variable  to  the  measured  mechanical  response. 

The  coefficients,  (b^,  b.,  and  b,.),  of  the  linear  and  nonlinear  terms  in  the  second  degree  polyno¬ 
mial  expansion  with  an  alpha  significance  level  of  .05  or  more  are  included  in  Table  2.  A  complete  list 
of  response  coefficients  appears  In  Appendix  A  (Figures  A2,  A5,  A8,  and  A1 1).  A  positive  coefficient 
for  a  particular  variable,  e.g.,  strain  rate,  indicates  that  the  response,  e.g.,  yield  stress,  increases  if  the 
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controlled  variable  increases.  A  negative  coefficient  for  a  particular  variable  indicates  that  the  response 
decreases  if  the  controlled  variable  increases.  In  addidon,  the  yield  stress,  absorbed  strain  energy,  and 
the  natural  log  of  the  compressive  modulus  is  predicted  to  a  high  degree  of  precision  since  the  adjusted 
R-square  values  are  all  greater  than  0.91.  Recall,  the  R-square  stadsdc  is  one  of  several  goodness-of- 
flt  measures'.  However,  it  is  more  difOcult  to  predict  the  yield  strain  and  compressive  modulus  as  evi¬ 
denced  by  the  relatively  low  adjusted  R-square  values  of  0.75,  and  0.79  respectively  (Table  2).  An 
adjusted  R-square  of  of  0.91  implies  91%  of  the  total  variation  in  our  system  is  explained  by  the  second 
degree  polynomial  model  that  was  fit  to  the  data.  The  R-square  value  is  idjusted  by  normalizing  the  R- 
square  statistic  by  the  number  of  coefficients  to  be  estimated.  In  addition,  the  adjusted  R-square  value 
represeiits  contributions  from  all  eleven  terms,  some  of  which  are  not  significant  at  die  alpha»:.05 
confidence  level. 

Table  2.  Least  Squares  Regression  Coefficients  (alpha  =  .05). 
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The  variability  in  our  estimates  of  the  mechanical  response  is  also  quantified  using  the  root- 
mean-squarc,  RMS,  error  which  agrees  well  with  the  error  estimated  from  replicate  tests*  on  JA2  gun 
propellant  (Table  2).  The  RMS  error  includes  contributions  from  both  data-model  mismatch  and  test 
variability. 

The  results  of  this  sixteen-test  study  are  corroborated  by  previous  one-factor-at-a-time  experi¬ 
ments*^  insofar  as  the  JA2  compressive  modulus,  yield  stress,  and  absorbed  strain  energy  are  found  to 
increase  with  an  increase  in  strain  rate  and  decrease  with  an  increase  in  temperature.  The  previous  work* 
also  corroborates  the  observation  (Table  2.)  that  the  yield  strain  is  insensitive  to  strain  rate.  Some  of  the 
dominant  nonlinear  effects  include  a  decrease  in  the  yield  stress,  yield  strain,  and  absorbed  strain  energy, 
and  an  increase  in  the  compressive  modulus,  as  both  strain  rate  and  temperature  are  simultaneously  in¬ 
creased.  Tests  where  the  specimen  ends  are  lubricated  have  less  variability  than  tests  where  specimen 
ends  are  not  lubricated.  A  comparison  of  the  degree  of  variability  between  lubricated  and  unlubricated 
test  results  is  illustrated  by  plotting  the  difference  (residual)  between  the  model  prediction  and  the 
observed  data  for  each  measure  of  mechanical  response  as  a  function  of  whether  or  not  lubrication  is 
used  (Appendix  B).  A  higher  degree  of  variability  in  the  mechanical  response  is  present  in  the 
unlubricatcd  specimens  even  though  they  arc  relatively  insensitive  (all  except  strain  at  yield)  to 
lubrication  (Table  2).  Some  of  the  interesting  coupled  nonlinear  effects  include  a  decrease  in  the  stress 
and  strain  at  yield,  and  absorbed  energy  at  yield,  as  both  strain  rate  and  temperature  are  simultaneously 
increased.  The  interaction  of  strain  rate  and  temperature  can  be  visualized  with  interaction  surface  plots 
(Appendix  A,  Figures  A3,  A6,  A9,  and  A 12).  Additional  linear  and  nonlinear  responses  are  present 
(Table  2)  but  they  are  not  significant  at  the  alpha=.05  confidence  level.  The  effects  of  aspect  ratio  and 
lubrication  are  discussed  in  more  detail  in  the  remainder  of  this  section. 

4.1  Specimen  Aspect  Ratio.  The  screening  design  indicates  that  the  specimen  aspect  ratio  does 
not  significantly  affect  the  mechanical  response  of  JA2.  However,  we  expect  that  aspect  ratio  should 
affect  the  mechanical  response  of  materials  deformed  in  uniaxiai  compression.  Specimens  with  large 
aspect  ratios  become  unstable  due  to  bending  under  uniaxial  compression  and  therefore  have  lower 
strengths  than  specimens  with  small  aspect  ratios  which  have  higher  strengths^.  A  series  of  constant  strain 
rate  (1(X)  sec’),  uniaxial  compression  tests  performed  on  JA2  and  M30  gun  propellants  at  -30  degrees 
(Celsius  reveal  that,  for  specimens  that  deform  by  macroscopic  fracture,  the  absorbed  strain  energy 
density  per  unit  volume  at  maximum  stress  decreases  as  the  specimen  aspect  ratio  is  increased  from  1 .5 


to  3  (Figure  7).  The  observation  that  aspect  ratio  did  not  a^ect  the  mechanical  it^nse  of  JA2  in  this 
study  is  a  result  of  the  limited  range  in  the  aspect  ratios  of  the  tested  specimens  (0.8  to  1.3);  the  upper 
bound  on  the  aspect  ratio  is  limited  due  to  the  length  of  the  initial  granular  JA2  jnopellant  stock. 


Absorbed  Energy  vs  Specimen  L/D  for  JA2.  Absorbed  Energy  vs  Specimen  L/D  for  M30. 


One  obtains  a  much  better  fit  to  the  polynomial  model  if  the  natural  log  of  the  compressive 
modulus  (R’^j=  0.985)  rather  than  the  compressive  modulus  (R*^p  0.799)  is  used  as  a  measure  of  the 
mechanical  response  (Table  2).  The  logarithmic  ttansformation  provides  a  superior  ii:  to  the  polynomial 
model,  yet  it  is  difficult  to  explain  or  radonalize  why  specimen  aspect  rado  and  end  lubricadon  become 
significant  (Table  2)  when  the  compressive  modulus  is  transformed.  Furthermore,  it  is  observed  that  the 
strain  rate  and  aspect  rado  interacdon  is  not  significant,  yet  the  temperature  and  aspect  rado  interacdon 
is  significant  when  the  transformed  compressive  modulus  is  used  to  characterize  the  mechanical 
response. 

4.2  End  Lubricadon.  End  lubricadon  did  not  significantly  affect  the  mechanical  response  of  the 
JA2  gun  propellant  in  uniaxial  compression.  However,  the  degree  of  variability  in  the  mechanical  re¬ 
sponse  was  minimized  by  using  lubricadon  (Appendix  B).  Since  lubricadon  alters  the  boundary 
condidons  at  the  specimen-piston  interface,  the  increase  in  yield  strain  in  lubricated  specimens  could 
be  attributed  to  an  increase  in  the  size  of  the  nonlinear  "toe"  (Figure  5),  rather  than  an  intrinsic  material 


5.  CONCLUSIONS 


1)  The  use  ofawell  designed  testing  approach  maximizes  the  informadon  obtainable  concerning 
the  sensitivity  of  the  mechanical  response  of  JA2  gun  propellant  to  the  effects  of  strain  rate,  temperature, 
specimen  aspect  ratio,  and  lubrication,  while  simultaneously  minimizing  the  number  of  tests  required. 
The  2*  statistical  design  used  in  the  present  research  is  particularly  useful  for  determiiting  a  subset  of 
important  variables  (screened  variables )  from  a  larger  set  of  potentially  important  variables. 

2)  Experimental  design  methods  provide  an  empirically  derived  material  nxxlel  for  quantifying 
factor  effects  within  the  test  range.  The  empirical  model  can  then  be  used  to  validate  micro-  or  macro- 
phenomenological  constitutive  models  for  JA2. 

3)  JA2  is  sensitive  to  changes  in  strain  rate  and  temperature.  Therefore,  JA2  constitutive  models 
should  incorporate  rate  and  temperature  dependent  effects. 

4)  The  effect  of  specimen  lubrication  is  to  increase  the  strain  at  yield  and  reduce  the  variability 
in  the  measured  mechanical  responses  (i.e.,  stress  and  strain  at  yield,  absorbed  strain  energy  density  at 
yield,  and  compressive  modulus).  The  use  oflubrication  is  recommended  for  future  compression  tests 
on  JA2. 

5)  The  effect  of  specimen  aspect  ratio  in  the  limited  test  range  is  not  detectable  with  the  available 
experimental  equipment.  Replicate  compression  tests  on  JA2  and  M30  gun  propellant  at  strain  rates 
of  100  sec'*,  and  -30  degrees  Celsius  indicate  that  the  absorbed  energy  decreases  as  specimen  aspect  ratio 
increases  from  1.5  to  3.0.  Additional  testing  is  required  to  quantify  the  effects  of  aspect  ratio  on  the 
mechanical  response  of  the  gun  propellant. 

6)  The  measured  mechanical  response  of  JA2  is  well  represented  by  a  second  degree  polynomial 
model,  since  the  RMS  errors  in  the  mechanical  response  are  only  slightly  greater  than  the  standard 
deviations  in  the  mechanical  response  derived  from  prior  one-factor-at-a-time  replicate  tests  on  JA2. 


6.  FUTURE  WORK 


This  report  describes  a  screening  design  performed  on  perforated  JA2  gun  propellant  The  next 
phase  of  this  research  is  to  use  the  data  collected  from  an  expanded  test  matrix  m  determine  if  effects 
arising  from  the  presence  of  perforations  can  be  detected.  This  can  be  done  using  a  face-centered  cube 
(FCQ  design  with  perforations  being  considered  as  a  discrete  variable.  The  othcrindepcndent  variables, 
(i.e.  strain  rate,  temperature,  and  specimen  aspect  ratio),  will  be  identical  to  those  used  in  this  report,  with 
the  exception  that  lubrication  will  be  used  in  all  tests.  The  FCC  design  will  serve  two  purposes:  1)  to 
provide  the  ability  to  measure  the  effects  of  perforations,  and  2)  to  provide  the  ability  to  detect  the 
presence  of  second-order  nonlinear  effects,  curvature  and  quantification  of  these  effects. 


7.  REFERENCES 


1.  G.E.P.  Box,  W.G.  Hunter,  and  J.S.  Hunter,  Statistics  for  Experimenters.  New  York, 
N.Y.,  John  Wiley  and  Sons  Publishing  Co.,  1978. 

2.  G.A.  Gazonas,  “The  Mechanical  Response  of  M30,  XM39,  and  JA2  Propellants  at  Strain 
Rates  from  lO"*  to  250  1/s”,  BRL-TR-3181,  U.S.  Army  Ballistic  Research  Laboratory, 
Aberdeen  Proving  Ground,  Maryland,  December,  1990. 

3.  R. J.  Lieb,  "The  Mechanical  Response  of  M30,  JA2,  and  XM39  Gun  Propellant  to  High 
Rate  Deformation",  BRL-TR-3023,  U.S.  Army  Ballistic  Research  Laboratory  ,  Aber¬ 
deen  Proving  Ground,  Maryland,  August,  1989. 

4.  V.S.  Vutukuri,  R.D.  Lama,  and  S.S.  Saluja,  Handbook  on  Mechanical  Properties  of 
Rocks.  Series  on  Rock  and  Soil  Mechanics.  Vol.  2.  No.  1,  Trans  Tech  Publications,  1974. 

5.  L.E.  Malvern,  Introduction  to  the  Mechanics  of  a  Continuous  Medium.  Prentice-Hall, 
Inc.,  Englewood  Qiffs,  New  Jersey,  1969. 

6.  W.  Mendenhall,  Introduction  to  Probability  and  Statistics.  4th  edition,  Duxbury  Press, 
North  Scituate,  Massachusetts,  1975. 


14 


APPENDIX  A: 


CUBE  PLOTS,  LEAST  SQUARE  COEFFICIENTS,  AND 
INTERACTION  PLOTS  FOR  THE  RESPONSES 
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Box  6019,  Station  B 
Nashville,  TN  37235 

1  California  Institute  of  Technology 

204  Karman  Laboratory 
Main  Stop  301-46 
ATIN:  F.E.CCuUck 
1201  E.  California  Street 
Pasadena,  CA  91109 

1  California  Institute  of  Technology 

Jet  Propulsion  Laboratory 
ATTN:  L.  D.  Strand,  MS  512/102 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109-8099 

1  University  of  Illinois 

Department  of  Mechanical/Industrial 
Engineering 
ATTN:  H.  Krier 
144  MEB;  1206  N.  Green  Street 
Urbana,  IL  61801-2978 

1  Univenity  of  Massachusetts 

Department  of  Mechanical  Engineering 
ATTN:  K.Jakus 
Amherst,  MA  01002-0014 

1  University  of  Minnesota 

Department  of  Mechanical  Engineering 
ATTN:  E.  Fletcher 
Minneapolis,  MN  55414-3368 

3  Georgia  Institute  of  Technology 

School  of  Aerospace  Engineering 
ATTN:  B.T.  Zinn 
E.  Price 
W.C.  Strahle 
Atlanta,  GA  30332 

1  Institute  of  Gas  Technology 

ATTN:  D.  Gidaspow 
3424  S.  State  Street 
Chicago,  IL  60616-3896 


No.  of 

Copies  Organization 

1  Johns  Hopkins  University 

Applied  ^ysics  Laboratory 
Chmical  Ftopulsion 
Information  Agency 
ATTN:  T.  Christian 
Johns  Hc^tdns  Road 
Laurel,  MD  20707-0690 

1  Massachusetts  Institute  of  Technology 

Department  of  Mechanical  Engineering 
ATTN:  T.Toong 
77  Massachusetts  Avenue 
Cambridge,  MA  02139^307 

1  Pennsylvania  State  University 

Applied  Research  Laboratory 
ATTN:  G.M.  Faeth 
University  Park,  PA  16802-7501 

1  Pennsylvania  State  University 

Department  of  Mechanical  ^gineering 
ATTN:  K.  Kw) 

University  Park,  PA  16802-7501 

1  Purdue  University 

School  of  Mechanical  Engineering 
ATTN:  J.  R.  Osborn 
TSPC  ChaOee  Hall 
West  Lafayette,  IN  47907-1199 

1  SRI  International 

Propulsion  Sciences  Division 
ATTN:  Technical  Library 
333  Ravenwood  Avenue 
Menlo  Park,  CA  94025-3493 

1  Rensseliaer  Polytechnic  Instiuite 

Departmeni  of  Mathematics 
Troy,  NY  12181 

I  Stevens  Institute  of  Technology 

Davidson  Laboratory 
ATTN:  R.McAlevy,in 
Castle  Point  Station 
Hoboken,  NJ  07030-5907 


43 


Rutgers  University 
Department  of  Mechanical  and 
Aerospace  Engineering 
ATTN:  S.  Temkin 
University  Heights  Campus 
New  Brunswick,  NJ  08903 

University  of  Southern  California 
Mechanical  Engineering  Department 
ATTN:  0HE200,  M.  Gerstein 
Los  Angeles.  CA  90089-5199 

University  of  Utah 
Department  of  Chemical  Engineering 
ATTN:  A.  Baer 
G.  Flandro 

Salt  Lake  City.  UT  84112-1194 

Washington  State  University 
Department  of  Mechanical  Engineering 
ATTN:  C.  T.  Crowe 
Pullman,  WA  99163-5201 

Alliant  Techsystems,  Inc. 

ATTN:  R.  E.  Tompkins 
MN38-3300 

10400  Yellow  Circle  Drive 
Minnetonka.  MN  55343 

Science  Applications.  Inc. 

ATTN:  R.  B.  Edclman 
23146  Cumorah  Crest  Drive 
Woodland  Hills,  CA  91364-3710 


Aberdeen  Proving  Ground 


Dir.  USAMSAA 

ATTN:  AMXSY-Gl,  CPT  Klimack 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it 
publishes.  Your  comments/answers  below  will  aid  us  in  our  efforts. 

1.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of 
interest  for  which  the  report  will  be  used.)  _ _ _ 


2.  How,  ^ecifically,  is  the  report  being  used?  (Information  source,  design  data,  procedure, 
source  of  ideas,  etc.)  _ _ _ 


3.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or 
dollars  saved,  operating  costs  avoided,  or  efteiencies  achieved,  etc?  If  so,  please 
elaborate.  _ _ 


4.  General  Comments.  What  do  you  think  should  be  changed  to  improve  ftjture  reports? 
(Indicate  changes  to  organization,  technical  content,  format,  etc.)  _ 


BRL  Report  Number  bbl-tr-3237 _  Division  Symbol 

Check  here  if  desire  to  be  removed  from  distribution  list.  _ 

Check  here  for  address  change.  _ 

Current  address:  Organization  _ 

Address  _ 


Department  of  the  Army 

Director 

U.S.  Army  Ballistic  Research  Laboratory 
ATTN:  SLCBR-DD-T 

Aberdeen  Proving  Ground,  MD  21005-5066 


OPRCIAL  BUSIIiSSS 


BUSINESS  REPLY  MAIL 

RRST  QASS  PEmr  Nd  0001,  m,  MO 


Postage  will  be  paid  by  addressee 


NO  eoSTACt 
NECESSARY 
IF  MAILED 
IN  THE 

UNITED  STATES 


Director 

U.S.  Army  Ballistic  Research  Laboratory 
ATTN:  SLCBR-DD-T 

Aberdeen  Proving  Ground,  MD  21005-5066 


